The Roseobacter-group species Phaeobacter inhibens produces the antibacterial 15 tropodithietic acid (TDA) and the algaecidal roseobacticides with both compound classes 16 sharing part of the same biosynthetic pathway. The purpose of this study was to 17 investigate the production of roseobacticides more broadly in TDA-producing roseobacters 18 and to compare the effect of producers and non-producers on microalgae. Of 33 19 roseobacters analyzed, roseobacticide production was a unique feature of TDA-producing 20 P. inhibens, P. gallaeciensis and P. piscinae strains. One TDA-producing Phaeobacter 21 strain, 27-4, was unable to produce roseobacticides, possibly due to a transposable 22 element. TDA-producing Ruegeria mobilis and Pseudovibrio did not produce 23 roseobacticides. Addition of roseobacticide-containing bacterial extracts affected the 24 growth of the microalgae Rhodomonas salina, Thalassiosira pseudonana and Emiliania 25
huxleyi, while growth of Tetraselmis suecica was unaffected. During co-cultivation, growth 26 of E. huxleyi was initially stimulated by the roseobacticide producer DSM 17395, while the 27 subsequent decline in algal cell numbers during senescence was enhanced. Strain 27-4 28 that does not produce roseobacticides had no effect on algal growth. Both bacterial 29 strains, DSM 17395 and 27-4, grew during co-cultivation presumably utilizing algal 30 exudates. Furthermore, TDA-producing roseobacters have potential as probiotics in 31 marine larviculture and it is promising that the live feed Tetraselmis was unaffected by 32 roseobacticides-containing extracts. 33 34
Originality-significance statement 35
Some Roseobacter-group bacteria produce the antibacterial compound tropodithetic acid 36 (TDA) and have potential as probiotics in marine aquaculture. However, a few of these 37 strains additionally produce algaecidal compounds, the roseobacticides, which would 38 restrict their use in marine larviculture where algae are used as live feed for fish larvae. 39 Introduction 4 TDA is a small acid comprising sulfur and a 7-membered carbon ring (Kintaka et al., 1984; 71 Brock et al., 2013; D'Alvise et al., 2016) . The roseobacticide family was discovered in 2011 72 and contains roseobacticide A to K with roseobacticide A and B generally being the 73 dominant forms (Seyedsayamdost, Carr, et al., 2011; Seyedsayamdost, Case, et al., 74 2011) . Like TDA, the roseobacticides also contain at least one sulfur atom and a tropone 75 ring. Furthermore, they contain additional aromatic side chains derived from aromatic 76 amino acids. It has been hypothesized that under nutrient-rich conditions, P. inhibens 77 produces TDA to protect E. huxleyi from pathogens and, when E. huxleyi senesces, the 78 algal degradation product would induce production of roseobacticides in P. inhibens, 79 enhancing the algal decay. While the metabolic pathways of both compound groups are 80 not fully elucidated (Geng et al., 2008; Brock et al., 2014; Seyedsayamdost et al., 2014; 81 Wang et al., 2016) , it has been shown for P. inhibens DSM 17395 that the production of 82 TDA and roseobacticides are interlinked, i.e. that the same genes are essential for the 83 biosynthesis of both compounds and that the metabolites probably share the same 84 precursor (Wang et al., 2016) . due to their undeveloped immune system and probiotics are a promising alternative to the 89 use of antibiotics that can result in development and spread of antibiotic resistance 90 (Cabello, 2006) . The fish larvae are fed with live feed such as rotifers and Artemia that are 91 themselves fed with live microalgae. Pathogenic bacteria may proliferate in these feed 92 cultures due to high levels of nutrients (Verdonck et al., 1997) . P. inhibens is an excellent 93 antagonist of fish pathogenic Vibrionaceae due to the production of TDA and can kill or 94 inhibit fish pathogens in the live feed and reduce mortality caused by vibriosis in fish larvae 95 (D'Alvise et al., 2012 (D'Alvise et al., , 2013 Grotkjaer et al., 2016) . So far, no negative effect of P. inhibens 96 was found on the aquaculture organisms themselves (Neu et al., 2014) , but pure TDA was 97 able to change the natural microbiota of the feed algae Nannochloropsis salina (Geng et 98 al., 2016) . However, it is obviously of concern that the bacterium potentially can harm the 99 microalgae used for feeding. 100
The aim of this study was to analyze the distribution of roseobacticides within the 101
Roseobacter-group strains ( Seyedsayamdost, 2017). Thus, the ability of roseobacticide production appears to be 125 limited to the phylogenetic neighbours P. inhibens, P. gallaeciensis and P. piscinae. In 126 contrast, TDA is produced by several Roseobacter-group bacteria, which are not closely 127 related. Evolution of the TDA genes is in agreement with the phylogenetic clustering of the 128 strains ( Fig. S2 ). We propose that a common ancestor of P. inhibens, P. gallaeciensis and 129 7 protein clusters unique to the producer strains ( Fig. S3 , see a ; Table 2A ) and five unique to 143 the non-producer ( Fig. S3 , see b ; Table 2B ). The proteins unique to the producer strains 144 differ from those found by Wang et al. (Wang et al., 2016) as being essential for the 145 production of roseobacticides in DSM 17395 using a transposon library; however, some lie 146 within close proximity (distance of < 20 genes) ( Fig. S4 ). Since being identified by two 147 independent approaches, the genetic loci are likely to be involved in the production. The 148 proteins herein identified as unique to the producer strains include a sulfurase and 149 glutathione S-transferase that could be involved in the biosynthesis of roseobacticides 150 (Table 2) . Sulfur is a key component of both TDA and roseobacticides (Wang et al., 2016) 151 and glutathione was proposed to be involved in the TDA resistance mechanism by P. 152
inhibens (Wilson et al., 2016) . 153
Four of the orthologous proteins unique to the non-producer 27-4 represent a 154 transposable element ( Fig. S5 ). This element appears three times in the genome of 27-4 155 on the plasmids F, E and C. It covers the majority of plasmid F (13 kb) and thus, the 156 transposable element could have entered the strain via this plasmid. The transposon 157 located on plasmid C disrupts a gene cluster that contains four genes encoding a 158 transcriptional regulator, an endonuclease, an oxidoreductase and an aldehyde 159 dehydrogenase, with the transposable element inserted in the gene of the oxidoreductase 160 ( Fig. S5 ). Using this bioinformatic approach, we can only speculate that disruption of this 161 gene cluster could have led to loss of the ability to produce roseobacticides and further 162 experimentation by e.g. site-directed deletion is required. 163
The transposable element itself contains seven genes encoding a transposase, a 164 resolvase, a RNA polymerase sigma factor, an anti-sigma E protein, two secreted surface reductase is also present in the non-roseobactide producing TDA-producer Ruegeria sp. 167 strain TM1040 ( Fig. S6 ), but not in other Ruegeria or Pseudovibrio strains, making it 168 unlikely as a shared reason for the non-production of roseobacticides. 169
The ability to biosynthesize roseobacticides appears to have been developed in a 170 common ancestor of P. inhibens, P. gallaeciensis and P. piscinae in contrast to TDA 171 production. The TDA-producer Phaeobacter, Ruegeria and Pseudovibrio are not 172 phylogenetic neighbours, thus this feature possibly 'jumped' by horizontal gene transfer 173 between different Roseobacter-group species. Furthermore, the strains selected for the 174 analysis herein were obtained from different locations and time points demonstrating how 175 conserved the phenotype of roseobacticide production is within those species. The algae were treated with a roseobacticide extract 10-fold diluted with respect to the 185 original bacterial culture (i.e. for roseobacticide-containing extract, the bacterial strains 186 were cultivated in 25 mL ½YTSS with p-coumaric acid. The culture was extracted twice 187 with 1:1 ethylacectate, dried and resuspended in 2.5 mL methanol. 50 µl of this 188 roseobacticide-containing extract was added to 5 mL of algal culture for the bioassay). Cell 189 numbers were assessed over 9 days. Growth of the cryptophyte R. salina ( Fig. 2A) Thus, we demonstrated the different direct effects on microalgae of two closely related 229 TDA-producers; a roseobacticide producer and a non-producer. The roseobacticide 230 producer promoted algal growth and enhanced their decay, an observation that was also 231 found by a recent study on the metabolic dynamics of the interaction of E. huxleyi and P. 232
inhibens (Segev et al., 2016b) . While the enhanced decay might be attributed to the 233 production of roseobacticides, the growth promotion would indicate that there is more to 234 the beneficial effect of P. inhibens than TDA only. In contrast, the roseobacticide non-235 producer had no effect on the microalgae. The switch between mutualism and parasitism 236 in algae-bacteria interactions has also been found in the interaction between the roseobacticides. We here demonstrated that TDA production is a more widespread feature 273 than roseobacticide biosynthesis and that the production of both compound groups is 274 typical of the Phaeobacter genus. Furthermore, the proposed conversion from mutualistic 275 to parasitic interaction of P. inhibens with the microalgae E. huxleyi was reproduced in 276 vitro, while this effect was not observed in a closely related Phaeobacter strain that lost the 277 ability of roseobacticide production. 278
The finding of a non-roseobacticide producing Phaeobacter strain, in combination with 279 the fact that the microalgae used as aquaculture live feed were unaffected by the 280 roseobacticides, is promising for future applications of phaeobacters as biocontrol agents 281 in aquaculture. Also, roseobacticides are produced in very small quantities even when 282 induced in bacterial culture and thus, in situ concentrations are presumably much lower 283 than those tested in this study (not detectable with current techniques). Furthermore, we 284 demonstrated that small genetic changes, possibly due to a transposable element, caused Peptide-methionine (R)-sulfoxide reductase activity, response to oxidative stress, protein repair, oxidation-reduction process 5 PhaeoP14_03663, PhaeoP14_03731 hypothetical protein -
